The adaptive character of inversion polymorphism in Drosophila subobscura is well established. The O ST and O 3ϩ4 chromosomal arrangements of this species differ by two overlapping inversions that arose independently on O 3 chromosomes. Nucleotide variation in eight gene regions distributed along inversion O 3 was analyzed in 14 O ST and 14 O 3ϩ4 lines. Levels of variation within arrangements were quite similar along the inversion. In addition, we detected (i) extensive genetic differentiation between arrangements in all regions, regardless of their distance to the inversion breakpoints; (ii) strong association between nucleotide variants and chromosomal arrangements; and (iii) high levels of linkage disequilibrium in intralocus and also in interlocus comparisons, extending over distances as great as ‫4ف‬ Mb. These results are not consistent with the higher genetic exchange between chromosomal arrangements expected in the central part of an inversion from double-crossover events. Hence, double crossovers were not produced or, alternatively, recombinant chromosomes were eliminated by natural selection to maintain coadapted gene complexes. If the strong genetic differentiation detected along O 3 extends to other inversions, nucleotide variation would be highly structured not only in D. subobscura, but also in the genome of other species with a rich chromosomal polymorphism.
C HROMOSOMAL inversion polymorphism is a ment would be completely depleted of variation even when the inversion had reached a relatively high frecommon feature of the genome in the Drosophila quency. Indeed, inverted chromosomes would initially genus. About 60% of Drosophila species are polymorbe monomorphic for the particular haplotype captured phic for paracentric inversions in natural populations by the inversion, which would include not only members (Powell 1997) . The geographic distribution of inverof the coadapted gene complex but also neutral variants. sions in many species and the seasonal change in fre-
The establishment of an inversion can thus be envisaged quency detected in some species strongly support that as a partial hitchhiking or selective sweep (Maynard chromosomal polymorphism is adaptive (Dobzhansky Smith and Haigh 1974) that would lead to an initial 1970; Krimbas 1992; Levitan 1992; and others). Moregenetic differentiation of inverted and noninverted chroover, the reduced recombination in inversion heteromosomes. Moreover, new mutations arising indepenkaryotypes (Sturtevant 1926) led to the proposal that dently in the different arrangements would contribute inversions could maintain complexes of coadapted linked to their further differentiation. Genetic exchange begenes favored by natural selection under particular contween chromosomal arrangements, either by gene conditions. Overdominance, frequency-dependent selection, version or by double crossover, could, however, erode or variable selection in time or space can contribute to any genetic differentiation. Most important, it could the adaptive character of chromosomal polymorphism break down the coadapted gene complexes putatively (see Krimbas and Powell 1992; Powell 1997) .
underlying the selective advantage of inversions. For an advantageous inversion, the action of direcIn the absence of selection, genetic differentiation tional selection would rapidly drive the new arrangewould decay according to the rate of genetic exchange ment to its equilibrium frequency. As a result of this among arrangements. The gene conversion rate would rapid increase, all regions included in the new arrangebe uniformly distributed along the inversion loop, whereas the contribution of double crossovers to genetic exchange would be considerably higher in the central Sequence data from this article have been deposited with the part of the inversion loop (Navarro et al. 2000) . In contrast, if selection were maintaining coadapted gene complexes, it would counstrongly suppressed even in the central part of the inversion loop. The strong differentiation detected might be teract the homogenizing effect of genetic exchange on members of the complex. The differential action of explained either by the absence of double crossovers in the O 3 inversion loop or by the elimination of doubleselection would cause different levels of genetic differentiation along the inversion, but no relationship would crossover products by natural selection. were obtained according to Jukes and Cantor (1969) . BootThe nucleotide divergence per silent site (K sil ) was estimated strap values were obtained after 1000 replicates. according to Nei and Gojobori (1986) . The level of genetic differentiation between arrangements was estimated as D XY (Nei 1987) and F ST (Hudson et al. 1992a ) and its significance RESULTS established using the K * S test statistic (Hudson et al. 1992b ). Gene conversion tracts were detected following Betrán et al.
Isolation of gene regions:
A total of 200 recombinant (1997) . The probability that the observed number of polymorphages randomly isolated from a D. subobscura genomic phisms shared between arrangements was due to recurrent library were used for in situ hybridization on polytene mutation was estimated from the hypergeometric distribution chromosomes of this species. Of the ‫001ف‬ phages that as described in Rozas and Aguadé (1994) . The recombination length of the O 3 inversion was obtained considering a gave a unique signal, 34 mapped on the O chromosome. Of the 11 recombinant phages that hybridized in or (Loukas et al. 1979) . The physical distance between regions around the O 3 inversion, 6 (S25, P22, P154, P2, S1, and (or between a region and the nearest breakpoint) was esti-P21) exhibited sequence similarity to genes on the 3R mated assuming that the euchromatic portion of the D. subobscura genome has 120 Mb (Adams et al. 2000) comparisons (Weir 1996 2 ϭ 0.84, 7 d.f., P ϭ in each region as well as in the concatenated data set. Despite the significant genetic differentiation, all re-0.99). Therefore, there is no significant heterogeneity in the ratio of polymorphism to divergence among the gions presented shared polymorphisms that in only three cases (P154, P2, and P21) could be explained by different regions. Linkage disequilibrium analysis: Association between recurrent mutation. Genetic exchange between arrangements would therefore be necessary to explain the chromosomal arrangements (O ST and O 3ϩ4 ) and the variants present at informative polymorphic sites was observed number of shared polymorphisms detected in Acph-1, rp49, S25, P22, and S1. Indeed, genetic exchange analyzed (see supplementary Figure 3 at http://genet ics.org/supplemental/). A total of 228 of the 385 inforcould have contributed to the shared polymorphisms in all regions, since gene conversion tracts were identimative sites in the concatenated data set (59.15%) showed a significant association (P Ͻ 0.05) with chromofied in all but two regions (S1 and P21). No relationship (Figure 2a) was detected between the level of genetic somal arrangements. The association remained significant after Bonferroni correction in 34 sites (8.8%), differentiation and the distance to the nearest breakpoint (Kendall's ϭ 0.143, P ϭ 0.310; Spearman's ϭ which correspond to fixed differences between arrangements. A similar result was obtained for 48 informative 0.167, P ϭ 0.347).
Nucleotide variation estimates (Table 2) were obsites in the rp49 data set (43.7% and 20.8% of significant associations prior and after Bonferroni correction, retained separately for each chromosomal arrangement, given the strong genetic differentiation detected. Estispectively). No relationship was detected between the level of the association in each region (measured as the mates of nucleotide diversity ( total and sil ) were higher in O 3ϩ4 than in O ST for all regions but P154, where they average r 2 value) and distance to the nearest breakpoint (Figure 2b ). were similar in both arrangements. No relationship was detected, in either O 3ϩ4 or O ST , between levels of silent The detected associations between variants at nucleotide sites and chromosomal arrangement should result nucleotide diversity within a chromosomal arrangement and physical distance to the nearest inversion breakin linkage disequilibrium between polymorphic nucleotide sites themselves. LD in the concatenated data set point (Figure 3) . Regions close to breakpoints did not show any reduction in nucleotide diversity. In fact, was analyzed first including all sequences (total sample) and then separately for O 3ϩ4 and O ST . In the concateAcph-1 shows the highest sil value, in both O ST and O 3ϩ4 , despite its tight linkage to the proximal breakpoint of nated total data set with 385 informative sites, 28.8% of the pairwise comparisons showed significant LD (P Ͻ the O 3 inversion. However, Acph-1 also showed the highest K sil estimates, suggesting that this gene has a high 0.05; Table 3 ). This percentage dropped to ‫%5ف‬ when each chromosomal arrangement was analyzed sepaneutral mutation rate. The direct relationship expected under the neutral model between levels of silent polyrately. Global estimates of LD, measured as ZnS i , were also higher in the total sample than within the chromomorphism and divergence ( Dashed and dotted horizontal lines show sil estimates within inversion. The distance between each region and the nearest arrangements in the concatenated data set and the 95% con-O 3 inversion breakpoint was estimated assuming a homogefidence interval. Distance to the nearest breakpoint was inneous DNA distribution along the O 3 inversion (3.5 Mb). (b) ferred as in Figure 2 . Association between chromosomal arrangement and variants at informative polymorphic sites in each gene region plotted vs. distance to the nearest breakpoint. In all regions, except rp49, association was estimated for the same 28 lines (concatelocus and interlocus. The percentage of significant pairnated data set).
wise associations in the total sample was similar for intralocus (29.5%) and for interlocus (28.7%) comparisons, indicating that LD in the O 3 inversion extends over a karyotypes would explain the lower percentage of siglong range. The presence of both arrangements therenificant LD within arrangement.
Pairwise comparisons were further classified as intrafore contributes to an increase in the level of intralocus n  21  20  16  18  14  14  14  14  14  14  14  14  14  14  14  14  S  92  91  45  54  58  93  38  70  43  56  50  70  17  34  30  58 n, sample size or number of sequences; S, number of polymorphic sites; total , nucleotide diversity in all sites; sil , nucleotide diversity in silent sites; sil , heterozygosity per silent site based on segregating sites; K sil , divergence per silent site between D. subobscura and D. madeirensis. LD and in the extent of interlocus disequilibrium. On the other hand, the level of LD was relatively reduced in both the intralocus and the interlocus analyses within arrangements (Table 3 ). This result can be explained again by recombination in homokaryotypes. Global estimates of interlocus LD were also obtained for all pairwise comparisons between regions and compared with those for intralocus LD. As shown in Figure  4 , ZnS i estimates in O ST and in O 3ϩ4 were higher for intralocus than for interlocus comparisons. In contrast, in the total sample, the intralocus and interlocus ZnS i estimates were much more similar. Indeed, all interlocus estimates were within the range established by the intralocus estimates. Moreover, no relationship between interlocus ZnS i estimates and the distance between pairs of regions was detected.
Pattern of polymorphism: Several statistical tests (Tajima 1989; Fu and Li 1993) were performed to assess The establishment and maintenance of inversion polymorphism in natural populations of Drosophila has excess of low-frequency variants, mainly singletons, was detected in both arrangements.
been explained by a superior fitness of heterokaryotypes (Dobzhansky 1970) . The pattern of variation detected Gene genealogy: Figure 5 shows the gene genealogy reconstructed from total variation in the concatenated in the present multilocus study is consistent with the action of natural selection in the establishment of O ST total data set. Sequenced lines clearly cluster according to chromosomal arrangement, which is consistent with and O 3ϩ4 . The general trend toward an excess of lowfrequency variants in the derived arrangements O ST and the strong genetic differentiation detected between arrangements. This clustering was supported by very high O 3ϩ4 , the significant multilocus neutrality tests, and the star-like genealogy within arrangements would reflect bootstrap percentages (100% for the O ST and the O 3ϩ4 clusters) and was also detected when each region was the partial hitchhiking or selective sweep that drove these arrangements to their equilibrium frequencies. analyzed separately, except S25 (in this region, an O 3ϩ4 studied, indicate that their distance to the nearest breakpoint is high enough for gene conversion to have contributed to the recovery of variation.
The multilocus analysis reported here clearly indicates that genetic differentiation is strong and extends all over the inversion. Indeed, LD is as pervasive in interlocus as in intralocus comparisons, despite a 0.5-4 Mb range of interlocus distances (Figure 4 ). There is no evidence for the higher genetic exchange between arrangements expected in the central part of the inversion loop in the presence of gene conversion and double crossover . The rather homogeneous distribution of genetic exchange detected across the inversion would indicate, therefore, that no double crossovers were produced in the inversion loop or, alternatively, that selection has acted against the recombinant chromosomes.
The occurrence over evolutionary time of double crossovers inside an inversion loop may be contingent on its length and age. Considering the empirical values of interference in Drosophila, Navarro et al. (1997) suggested that double crossover is unlikely only in short inversions (Ͻ20 cM). The estimated length of the O 3 inversion (27.4 cM) would thus a priori support that double crossovers could have contributed, at least partly, to the genetic exchange in this inversion. In addition, the time elapsed since its origin (0.25-0.3 MYA; Rozas and Aguadé 1994) is long enough for double crossovers to have broken the initial associations, at least in the central part of the inversion loop. Double crossovers also have not been effective in eroding the genetic differentiation in the central part of the ‫-56ف‬cM-long inversion that differentiates the O 3ϩ4 and O 3ϩ4ϩ8 arrange- (Rozas et al. 1999; Navarro-Sabaté et al. 2003) . cifically against double-crossover products, would be the most plausible explanation for the strong genetic differentiation detected in the eight regions studied. Indeed, After the partial selective sweep associated with the epistatic fitness interactions among genes within the establishment of a new inversion, a strong depletion of inversion would result in the lower fitness of those variation is expected around the breakpoints and also in among-arrangement recombinants that affected the covery close-by regions (Andolfatto et al. 2001) . Indeed, adapted complex. Sets of coadapted linked genes would new variation in these regions can be introduced only be broken more likely by double crossover than by gene by mutation, as gene conversion would be suppressed conversion, as the lengths of the segments affected by due to mechanical problems in synapses. Although gene conversion are much shorter (Hilliker et al. 1994 ; some of the regions studied here are rather close to Betrán et al. 1997) . Consequently, selection would have the breakpoints, none of them exhibits a reduction in acted mostly against double-crossover products. variation. Indeed, estimates of sil in these regions are The eight regions studied, which were chosen at ransimilar to, although slightly lower than, the value estidom with the sole restriction being to cover the O 3 mated for the Acp70A region of D. subobscura ( sil ϭ inversion, exhibited a strong genetic differentiation. For 0.016; Cirera and Aguadé 1998), which is located in epistatic selection to explain this result, the regions need a chromosomal region not affected by inversions. Morenot be the targets of selection themselves, but they over, the polymorphism-to-divergence ratio is quite hoshould be tightly linked to genes of the coadapted commogeneous among regions. These results, and the deplex. Our observation would imply a rather high number of target genes or, alternatively, fewer genes with tection of gene conversion tracts in most of the regions
